ABSTRACT. Because increased complement receptor expression is necessary for optimal function of adult neutrophils, we tested the hypothesis that the increased susceptibility of neonates to infection might be due to an impaired ability of neonatal neutrophils to increase expression of complement receptors in response to chemotactic stimuli. We used monoclonal antibodies and flow cytometry to compare surface expression of the receptors for the complement components C3b (CR1) and C3bi (CR3) on adult and neonatal cord blood neutrophils (PMNs). We also compared receptor expression on PMNs from infants delivered by cesarean section without labor versus infants delivered vaginally. Expression of both CR1 and CR3 was minimal on resting adult and neonatal PMNs maintained at 0" G. There was a modest increase in expression of both receptors when PMNs were warmed to 37" C. This increase was similar on adult and neonatal cells, both unfractionated in whole blood and after isolation with Percoll density centrifugation, with one exception. Expression of CR1 was greater on isolated PMNs from vaginally delivered infants versus adults when the cells were warmed to 37" C. This difference was not observed with cells from infants delivered by cesarean section without labor, suggesting this modest increase in receptor expression may be due to factors associated with labor. When isolated cells were stimulated with either N-formyl-methionyl-leucyl-phenylalanine or zymosan-activated serum, expression of CR1 increased to the same extent in both neonatal and adult PMNs. In contrast, maximal CR3 expression on cord PMNs stimulated with N-formyl-methionyl-leucyl-phenylalanine or zymosan-activated serum was only 75% of the adult values. This was significantly less than CR3 expression in adult PMNs across a broad range of N-formylmethionyl-leucyl-phenylalanine concentrations. Maximal stimulated expression of both receptors was the same in PMNs from infants delivered by cesarean section without labor and from infants delivered vaginally. The diminished CR3 expression on cord PMNs was not due to decreased responsiveness to N-formyl-methionyl-leucyl-phenylalanine per se since deficient CR3 expression was observed at all concentrations tested and also when zymosan-activated serum was the stimulus. Our observations of impaired expression of CR3, which is necessary for adherence and directed migration, may explain some of the impairment of these functions in neonatal neutrophils. (Pediatr Res 21: 306-311,1987) 
ABSTRACT. Because increased complement receptor expression is necessary for optimal function of adult neutrophils, we tested the hypothesis that the increased susceptibility of neonates to infection might be due to an impaired ability of neonatal neutrophils to increase expression of complement receptors in response to chemotactic stimuli. We used monoclonal antibodies and flow cytometry to compare surface expression of the receptors for the complement components C3b (CR1) and C3bi (CR3) on adult and neonatal cord blood neutrophils (PMNs). We also compared receptor expression on PMNs from infants delivered by cesarean section without labor versus infants delivered vaginally. Expression of both CR1 and CR3 was minimal on resting adult and neonatal PMNs maintained at 0" G. There was a modest increase in expression of both receptors when PMNs were warmed to 37" C. This increase was similar on adult and neonatal cells, both unfractionated in whole blood and after isolation with Percoll density centrifugation, with one exception. Expression of CR1 was greater on isolated PMNs from vaginally delivered infants versus adults when the cells were warmed to 37" C. This difference was not observed with cells from infants delivered by cesarean section without labor, suggesting this modest increase in receptor expression may be due to factors associated with labor. When isolated cells were stimulated with either N-formyl-methionyl-leucyl-phenylalanine or zymosan-activated serum, expression of CR1 increased to the same extent in both neonatal and adult PMNs. In contrast, maximal CR3 expression on cord PMNs stimulated with N-formyl-methionyl-leucyl-phenylalanine or zymosan-activated serum was only 75% of the adult values. This was significantly less than CR3 expression in adult PMNs across a broad range of N-formylmethionyl-leucyl-phenylalanine concentrations. Maximal stimulated expression of both receptors was the same in PMNs from infants delivered by cesarean section without labor and from infants delivered vaginally. The diminished CR3 expression on cord PMNs was not due to decreased responsiveness to N-formyl-methionyl-leucyl-phenylalanine per se since deficient CR3 expression was observed at all concentrations tested and also when zymosan-activated serum was the stimulus. Our observations of impaired expression of CR3, which is necessary for adherence and directed migration, may explain some of the impairment of these functions in neonatal neutrophils. (Pediatr Res 21:  306-311,1987) The increased susceptibility of the newborn infant to infection suggests that there might be a deficiency in the ability of the PMN to phagocytize and kill microorganisms (1) . Numerous studies have compared the functional capabilities of PMNs obtained from neonates with those obtained from adults in an effort to identify and characterize the defect(s) in the neonatal PMNs. Cord and adult PMNs were shown to be similar with respect to the binding kinetics of the synthetic chemoattractant f-MLP, e.g. the saturation of f-MLP binding sites and the dissociation of bound ligand (2, 3). Similarly, the resting level of superoxide production, as well as the ability to increase superoxide production in response to stimuli, have been found to be comparable in the PMNs of adults and newborns (4) .
In contrast, when stimulated with f-MLP, neonatal PMNs have been found to be impaired relative to adult PMNs with respect to adherence, redistribution of adherence sites, uropod formation, and directed migration (2) . The normal increase in intracellular free calcium concentration that occurs upon stimulation of adult PMNs with f-MLP is also reduced in newborns' PMNs. (3) . In addition, phagocytosis by neonatal cells has been shown to be deficient when limiting amounts of serum were used for opsonization of the test organisms (5, 6) . This suggests that neonatal PMNs may require increased amounts of complement to promote a given level of attachment and/or ingestion. Thus, the observed abnormalities in adherence and directed migration may delay the response of the neonatal PMN to infection, and a limited concentration of opsonins at the site of infection may impair phagocytosis. Both of these phenomena are likely to contribute to the increased susceptibility of the newborn to infection (1) .
Recent studies from our own and other laboratories have shown that chemoattractants and other stimuli cause increases in the surface expression of membrane receptors for the major opsonically active fragments of the serum complement system, C3b (CR1) and C3bi (CR3) (7,8). Both the C3b (CR1) and C3bi (CR3) receptors of normal adult neutrophils are present in intracellular pools and are rapidly translocated to the surface membrane when the cells are activated (7-1 1). The increased surface expression of CR 1 is believed to be necessary for optimal phagocytosis while increased CR3 expression is necessary for cell adherence and attachment in addition to phagocytosis (1 1, 16-20) .
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The present investigations were camed out to test the hypothesis that neonatal neutrophils might be deficient with respect to their ability to increase the surface expression of these complement receptors in response to stimulation. We compared the responses of adult and cord blood neutrophils to the synthetic chemoattractant f-MLP and to zymosan-activated serum, which serves as a source of C5a des-Arg, a more physiologic stimulus. CRl and CR3 expression were quantitated using monoclonal antibodies and flow cytometry. In addition, we examined the effect of type of delivery (vaginal versus cesarean section) on receptor expression in isolated cord blood PMNs.
MATERIALS AND METHODS
Patient population. Venous blood (20-30 ml) was drawn from the umbilical vessels of placentas of normal, full-term infants within 5-10 rnin of either vaginal delivery or cesarean section without labor. Epidural anesthetics (bupivacaine/epinephrine with or without chloroprocaine) were administered to all of the mothers with the exception of one mother who was treated with a local anesthetic (lidocaine). We excluded blood samples from the placentas of mothers with a history of gestational or adult onset diabetes mellitus, chronic hypertension, pregnancy-associated hypertension, or those cases in which a cesarean section was preceded by labor. Equivalent samples of peripheral venous blood were obtained from normal adult donors and processed simultaneously with cord samples as pairs. Blood was anticoagulated with heparin at a final concentration of 20 U/ml.
Isolation and incubation of PMNs. PMNs were isolated using a modification of the method of Harbeck et al. (1 2) as previously described (7) . Briefly, PMNs were isolated using density gradients of Percoll (Pharmacia Fine Chemicals, Piscataway, NJ) made isotonic with phosphate-buffered saline, pH 7.4. In order to separate erythrocytes from cord PMNs, it was necessary to centrifuge the Percoll density gradient for 22 min instead of 17 min as described by Berger et al. (7) . Contaminating erythrocytes were removed by hypotonic lysis and isolated PMNs were washed twice in HBSS without calcium, magnesium, or phenol red (HBSS-w/o). PMNs were then resuspended in this solution containing 0.1 % gelatin at a concentration of 106/ml and incubated at 37" C in buffer alone or with chemoattractants for 1 h to assure complete activation. In some experiments, whole blood (both adult and cord) was incubated at 37" C for 1 h with or without chemoattractant and reacted with monoclonal antibodies before further processing. Erythrocytes were then removed by hypotonic lysis. The leukocytes were washed in HBSS and stained with FITC conjugate and prepared for cytometry as described for isolated PMN below. All washes were performed by centrifugation at 200 X g for 10 rnin at 4" C.
f-MLP was obtained from Peninsula Laboratories, Belmont, CA, diluted in dimethyl sulfoxide to a concentration of M and stored at -70" C. PMSF was purchased from Sigma Chemical Co., St. Louis, MO. Serum was activated with zymosan (1 3). Monoclonal antibody to the human C3b receptor (CRl), prepared by immunizing BALB/c mice with purified CRI protein from human erythrocytes (lo), was the generous gift of Dr. John O'Shea, National Institutes of Health, Bethesda, MD. Monoclonal antibody (M1/70) to the Mac 1 antigen on the C3bi receptor (CR3) (14) was also provided by Dr. O'Shea. FITC-conjugated F(ab')z fragments of goat antimouse IgG were obtained from Cappel Laboratories (Cochranville, PA).
Antibody staining. After incubation with the chemoattractants f-MLP or zymosan-activated serum, neutrophils were washed with ice-cold HBSS containing 0.1 % bovine serum albumin, 0.05% NaN3 to prevent antibody capping, and M PMSF to inhibit proteolysis of complement receptors (HBSS+) and resuspended in 50 pl of this medium. Saturating amounts of monoclonal antibodies to either CRl or CR3 were then added in a volume of 50 p1 in HBSS+ as reported previously (7). The neutrophils were incubated with the antibodies for 30 min at 4" C on a rotator and then washed twice with cold HBSS+. The PMNs were then resuspended in 50 p1 of HBSS+ and incubated with excess FITC conjugated F(ab')~ fragments of anti-mouse IgG for 30 rnin at 4" C. The cells were washed twice in HBSS+ then an additional wash was performed using phosphate-buffered saline containing 0.05% NaN3. The cells were then resuspended in this solution and kept on ice until examination in the flow cytometer, generally within 1 h after the final wash. No fixatives were used.
Quantitation of cell fluorescence and volume was performed using a FACS Analyzer (Becton-Dickinson and Co., Mountain View, CA) standardized with 7.8 pm-diameter fluorescent microbeads as described previously (7) . The PMNs in mixed leukocyte preparations were identified for analysis based on their characteristic right angle light scattering properties which are indicative of their granule content, and volume. Data from 10,000 PMN were collected for each sample. Fluorescence was determined using logarithmic amplification. Both adult and cord PMNs behaved as single symmetric populations with uniform staining as illustrated previously (7), hence relative fluorescence values were converted to their linear equivalents by the Consort 30 computer in order to facilitate comparisons between samples by their arithmetic means. Background fluorescence was determined by staining cells with the same FITC conjugates but without antireceptor antibodies. This has previously been shown to be the equivalent of using nonimmune monoclonal control antibodies (12) . These values were then subtracted from all other results.
Statistical analysis of data. Values presented represent the mean of each population -I-1 SEM. The significance of differences between groups was determined by using Student's t test for unpaired values. The p values reported are for a two-tailed t test; p values C0.05 were considered significantly different. Bonferroni's correction was applied to analyses involving multiple t tests (1 5).
RESULTS
Evaluation of the effect of Percoll density gradient isolation procedure on receptor expression by PMNs.
Previous studies indicated that neutrophils isolated by Percoll density gradients or other procedures involving centrifugation underwent a spontaneous increase in receptor expression when they were warmed to 37" C (7, 8) . Initially we studied receptor expression on cells in whole blood not subjected to the isolation procedure to compare the response of adult and neonatal PMNs. In these experiments six unfractionated blood samples from adult donors and five cord blood samples from infants delivered by cesarean section were maintained at 0 or 37" C for 1 h with or without f-MLP, centrifuged for 10 rnin at 4" C, and stained with anti-CR1 or anti-CR3 and with FITC conjugates. Red cells were then removed by hypotonic lysis and the cell pellets prepared for fluorescence determination. Neutrophils in mixed leukocyte preparations were distinguished by volume and right angle light scatter gating as described above. Comparison of staining in the two groups at 0 and at 37" C with or without f-MLP indicated that there was no difference in fluorescence of CR1 between adult and cord cells under any of these conditions. (Table 1) The fluorescence of CR3 on cord blood cells at 37" C was 75% of adult values although the two groups were not significantly different. Stimulation with f-MLP increased CR3 expression on both the cord and adult cells but CR3 expression on the cord cells was significantly lower, reaching only 62% of the adult values ( p = 0.003).
Next we compared the effects of the Percoll density gradient isolation procedure on the temperature-dependent increase in expression of PMN receptors on adult versus neonatal (cesarean and vaginal delivery) cells (Table 2) . We found it necessary to centrifuge the neonatal blood cells for a slightly longer period of time, 22 min as opposed to 17 min which had previously been t The concentration of f-MLP was M, PMNs were incubated at 37" C. $Although both CRI and CR3 expression increased in buffer alone at 37" C compared to 0" C as reported previously (7, 8) , there were no significant differences between cord and adult cells.
5 Expression of CR3 receptor was greater on adult than on cord PMNs (p = 0.003; corrected for multiple t-tests). t Expression of CRl was significantly greater at 37" C on vaginal cells than on adult PMNs ( p = 0.004; corrected for multiple t tests).
shown to be adequate for isolation of adult PMNs (see above). This was required in order to remove the lighter density neonatal erythrocytes. After isolation on Percoll density gradients, cells were incubated at 0 or 37" C for 1 h prior to staining. When the PMNs were maintained at 0" C after isolation, expression of both CR I and CR3 were the same for neonatal and adult cells. When cells were warmed to 37" C, receptor expression increased slightly as a result of the Percoll density gradient isolation procedure. This increase was of the same order of magnitude in both neonatal and adult cells with one exception. When isolated cells were warmed to 37" C, expression of CR1 was greater ( p = 0.004) on PMN from vaginally delivered infants than on adult PMNs. This was not found with cells from infants delivered by cesarean section without labor and may be due to factors associated with labor (see below).
The presence of nucleated red blood cells that remained in whole blood samples subjected to hypotonic lysis but not to density gradient isolation greatly increased the time required to determine the fluorescence of each sample. Since the effects of the isolation procedure per se did not affect the cord cells differently from the adult cells, subsequent studies were performed on isolated PMNs because of the relative ease in analyzing isolated cells on the FACS Analyzer.
PMN receptor expression on adult versus neonatal PMNs after stimulation with LMLP or zvmosan-activated serum.
To determine whether ~omplement.receptor expression on neonatal PMNs stimulated with f-MLP was deficient when compared with adult cells, 10 experiments were conducted in which paired blood samples (one adult and one neonate) were isolated on density gradients of Percoll and incubated with concentrations of f-MLP ranging from lo-" to M. The cells were then stained with antibody to either CR1 or CR3 and with FITC and then fluorescence determined. There was considerable individual to individual variability in the response of both neonatal and adult PMNs. Nevertheless, the mean increase in PMN expression of CR 1 was similar in the two groups over the entire range of f-MLP concentrations examined (Fig. 1) . In contrast, expression of CR3 was greater on adult than on neonatal PMNs. After incubation with 1 0-6 M f-MLP, CR3 expression on PMNs from infants was only 71 % of the mean value for receptor expression observed with adult PMNs ( p < 0.001) (Fig. 2) .
The response to zymosan-activated serum, used at a final concentration of 1: 100, was also compared in PMNs obtained from eight adult and eight cord blood samples. While the major chemoattractant in zymosan-activated serum is generally consid- Comparison of PMNsjom adults versus neonates delivered by cesarean section. In order to determine whether type of delivery, e.g. vaginal or cesarean section, influenced receptor expression on neonatal PMNs, the adult and cord blood pairs described above were grouped according to method of delivery and the data reexamined. There were five experiments in which adult PMNs and PMNs from infants delivered by cesarean section without labor were compared. The increase in PMN expression (Fig. 3) .
Comparison of PMNs from adults and neonates delivered vaginally.
Receptor expression in response to stimulation with f-MLP was compared on PMNs from four adults and cord blood from four infants delivered vaginally. As was observed with PMNs from infants delivered by cesarean section, expression of CR1 was not different on adult versus cord PMNs. After stimulation with M f-MLP, mean fluorescence on adult PMNs was 17.60 f 1. (Fig.  4) .
Comparison of receptor expression on cord PMNs from neonates delivered vaginally versus by cesarean section. When PMNs were maintained at 0" C, expression of CR1 and CR3 was virtually identical in cells from infants delivered by cesarean section compared with infants delivered vaginally. When cells were warmed to 37" C, expression of both CR1 and CR3 were slightly, but not significantly, higher on PMNs from vaginally delivered infants compared with infants delivered by cesarean section. Expression of both CRI and CR3 in response to f-MLP were the same on PMNs from i,nfants delivered by cesarean 
DISCUSSION
76% of adult values after stimulation with f-MLP and 75% of Activation of human neutrophils is accompanied by a rapid increase in the surface membrane expression of the receptors for C3b and C3bi, the major opsonically active fragments of the serum complement system (7-1 1). As CR3 is also important in neutrophil aggregation and in adherence of neutrophils to endothelium and other surfaces (1 1, 16-20) , increased receptor expression is believed to be critically important for optimal margination, chemotaxis, and phagocytosis by these cells. The increase in receptor expression occurs rapidly and is the result of translocation from an intracellular pool rather than new synthesis (7, 10,2 1). In the present studies, we used monoclonal antibodies to CRl and CR3 and flow cytometry to compare the ability of neonatal and adult PMNs to increase receptor expression in response to the stimuli f-MLP and zymosan-activated serum. The results indicate that although neonatal cells increase CR1 expression normally in response to these stimuli, their ability to increase CR3 expression is deficient. The latter observation is in agreement with the preliminary observations of Anderson et al. (22) .
Serum factors associated with pregnancy, labor, and/or delivery apparently did not influence the expression of these receptors per se because the levels of expression of both CR1 and CR3 in cells maintained at O" C was the same on adult and neonatal cells. Berger et al. (7) have shown that at this temperature, receptor expression remains stable at whatever level was achieved before the cells were cooled. Previous studies indicated that when neutrophils are isolated by procedures involving centrifugation, a spontaneous increase in receptor expression may occur when the cells are subsequently warmed to 37" C, even in the absence of additional stimuli (7, 8) . The mechanism of this effect is unknown but may involve release of intracellular calcium stores (23) and/or other membrane perturbations caused by the physical forces encountered by cells during purification. When compared with adult values, isolated PMNs from cord blood of infants born by vaginal delivery after labor had significantly greater spontaneous increases in CR 1 expression. This difference was not found with infants delivered by cesarean section without labor. These results suggest that during labor and vaginal delivery the PMNs may encounter physical forces or perturbations similar to those that cause some degree of spontaneous activation following purification procedures.
. -
Labor has been reported by other investigators to alter the function of neonatal PMNs. Frazier et al. (24) found that oxidative metabolism was significantly decreased in PMNs from infants delivered vaginally or by cesarean section after labor compared with PMNs from adults or infants delivered by cesarean section without labor. Differential counts were similar in infants delivered with and without labor suggesting that increased numbers of immature PMNs were not responsible for the observed differences. Also pertinent was their observation that the oxidative metabolism of PMNs obtained from women immediately after delivery, either vaginal or cesarean section, was similar to values obtained from normal adults. Serum levels of corticosteroids, fatty acids, and prostaglandins have been reported to differ in infants delivered with and without labor (25) (26) (27) . It is possible that these or other chemical substances or physical factors per se might play a role in the alteration of PMN function.
In both adult and cord blood PMNs, exposure to the chemoattractants f-MLP and zymosan-activated serum resulted in significant increases in expression of CR 1 and CR3 above baseline levels. The expression of CRl in response to stimulation with either f-MLP or zymosan-activated serum did not appear to be deficient in neonates delivered either by cesarean section or vaginally when compared with adult control values. In contrast, CR3 expression did not increase to the same extent in neonatal PMNs as in adult PMNs following stimulation with either f-MLP or zymosan-activated serum. Total CR3 expression on isolated PMNs from infants delivered by cesarean section was adult values after stimulation with zymosan-activated serum. This difference was also found when PMNs not subjected to Percoll density gradient isolation were stimulated with f-MLP. In fact in experiments performed using unfractionated whole blood, maximal CR3 expression on neonatal cells was only 62% of the adult values. Expression of CR1 on whole blood PMNs was the same for adults and neonates. These results indicate that the differences we observed are not due to different susceptibility of neonatal and adult cells to the effects of the Percoll density gradient purification procedure.
Extensive studies of children and young adults with congenital phagocyte defects and recurrent infections have demonstrated an association between CR3 and PMN adhesion. Deficiency of this receptor and related proteins is accompanied by defective adherence, spreading, and chemotaxis. Phagocytosis is impaired and the respiratory burst in response to C3b and C3bi-coated particles is diminished (16) (17) (18) (19) (20) . The defect in CR3 expression observed in our studies may explain the observations by Anderson et al. (2) that neonatal PMNs are abnormal with respect to adherence. Impaired expression of CR3 could be due to a relative decrease in the total number of receptors or to an impaired ability to translocate this receptor from its intracellular pool to the surface membrane. Our results are not likely to be due to altered sensitivity of the neonatal cells to f-MLP, however, since there was no difference between adult and neonatal PMNs with respect to CR1 expression, the peak responses of neonatal and adult cells occurred at the same f-MLP concentration, and a similar deficiency in CR3 response was observed with zymosanactivated serum as the stimulus.
We are presently pursuing further studies aimed at elucidating the cause of the decreased CR3 expression in neonatal cells. Although we have not performed functional assays in this study, the correlation between the decreased CR3 expression we observed and the previously reported defects in adherence and phagocytosis are striking (1,2, 5 ). The precise significance of this quantitative deficiency of CR3 expression remains to be determined. However, it seems likely that the deficiency documented herein contributes to the functional impairment of neonatal PMNs and to the increased susceptibility of the neonate to infection, particularly with bacteria such as group B streptococcus which require opsonization for optimal phagocytosis.
